Introduction {#Sec1}
============

Two coronaviruses, including severe acute respiratory syndrome (SARS) and Middle East respiratory syndrome (MERS) have been known to cause fatal pneumonia outbreak in the past two decades \[[@CR1], [@CR2]\]. In December 2019, a cluster of pneumonia cases of unknown origin emerged in Wuhan, China \[[@CR3]\], which exhibits a considerable phylogenetic similarity to severe acute respiratory syndrome coronavirus (SARS-CoV) \[[@CR4]\]. Subsequently, the virus and associated disease had been formally named severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and coronavirus infection disease-19 (COVID-19), retrospectively \[[@CR4]\]. The World Health Organization has declared COVID-19 is pandemic and constituted a public health emergency of international concern. As of July 9, 2020, a total of 11,841,326 laboratory-confirmed cases and a mortality of approximately 4.6% had been documented globally, posing unprecedented challenges to global public health \[[@CR5]\].

Patients infected with SARS-CoV-2 present with a wide range of clinical severity varying from asymptomatic to fatal condition \[[@CR6], [@CR7]\]. Advanced age and underlying comorbidities are risk factors for higher severity of illness and death from COVID-19 \[[@CR3], [@CR8]--[@CR10]\]. Disturbance of the immune system in patients has been considered as one of the hallmarks for COVID-19, especially cytokine release syndrome and lymphopenia \[[@CR11], [@CR12]\]. The autopsy study of COVID-19 pneumonia implied that overactivation of T cells, manifested by increase of Th17 and high cytotoxicity of CD8^+^ T cells, accounts for, at least in part, the severe immune injury in COVID-19 patients \[[@CR13]\]. Evidence has proven that COVID-19-related lung injury and extra-pulmonary organ dysfunction include acute respiratory distress syndrome (ARDS) like presentation, cardiac injury, kidney injury, liver injury, and sepsis as well as coagulation disorders \[[@CR3], [@CR8]--[@CR10], [@CR14], [@CR15]\]. Those results gave credence to the view that SARS-CoV-2 infection was not only a pulmonary disease but also a systemic inflammatory illness. However, the mechanisms underlying pathogenesis of the pulmonary and extrapulmonary injury of COVID-19 remain poorly defined.

As a double-edged sword, the activation of immune systems plays a pivotal role in protecting against infectious agents; in the meantime, it is accompanied by inflammatory mediator release. High inflammatory cytokines levels have been strongly correlated with poor disease outcomes in respiratory virus infection \[[@CR16]\]. Evidence has proven that massive inflammatory cell infiltration and marked pro-inflammatory cytokine responses induced by SARS-CoV and MERS-CoV infection played a crucial role in disease progression \[[@CR17], [@CR18]\]. The information on mechanisms by which SARS-CoV-2 caused severe illness and lethal outcomes is limited.

Recently, our preliminary study reported that levels of inflammatory mediators were significantly higher in severe cases compared with non-severe cases of COVID-19 \[[@CR19], [@CR20]\]. Huang et al. found that intensive care unit (ICU) patients had higher serum levels of interleukin (IL)-10, tumor necrosis factor alpha (TNF-α), procalcitonin (PCT), and lactate dehydrogenase (LDH) compared with non-ICU patients \[[@CR3]\]. Zhou et al. reported that levels of plasma ferritin (Fer), LDH, and IL-6 were markedly elevated in deceased patients than in survivors \[[@CR8]\]. Taken together, these findings suggested hyperactive immune responses mainly manifesting as increased inflammatory markers could be associated with COVID-19 disease severity and outcomes. However, the longitudinal changes of inflammatory parameters throughout disease progression of COVID-19 and their correlation with disease severity and outcomes warrant further investigation.

In order to enrich the knowledge about the immunopathology of SARS-CoV-2 infection, we characterized the changes of serum inflammatory mediators in the COVID-19 patients with different disease severity and outcomes in this retrospective case series. Comparative and longitudinal analyses may unveil the association of inflammatory parameters with disease severity and outcomes of COVID-19.

Methods {#Sec2}
=======

Study design and participants {#Sec3}
-----------------------------

We conducted a retrospective study focusing on the adult hospitalized patients with COVID-19 from Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology from January 28, 2020, to February 12, 2020. The Tongji Hospital, located in Wuhan, is the largest medical center for patients with moderate, severe, or critically ill form of COVID-19 designated by local authority. This study was approved by the Ethical Committee of Tongji Hospital. Data were anonymous and the requirement for informed consent was waived owing to the rapid emergence of this infectious disease.

Oropharyngeal swab specimens were collected for extracting COVID-19 RNA from patients. All patients with SARS-CoV-2 were confirmed using quantitative real-time reverse transcription polymerase chain reaction (RT-PCR) assay. Three hundred seventeen patients who had available data on inflammatory parameters within 24 h of admission were enrolled in this retrospective study. Among them, 68 patients with variable disease severity who had longitudinal data available on cytokines, LDH, high-sensitivity C-reactive protein (hsCRP), and hsCRP to lymphocyte count ratio (hsCRP/L) were included in the further analysis.

Data collection {#Sec4}
---------------

Medical record information including clinical, laboratory, and treatment as well as outcome data were extracted by using data collection forms. The data collection forms were checked independently by two trained physicians.

Definition {#Sec5}
----------

All of the included patients were diagnosed with COVID-19 according to the Guidance for Corona Virus Disease 2019 (6th edition) released by the National Health Commission of China \[[@CR21]\]. According to this guidance, patients were classified as follows: (1) mild cases: the clinical symptoms are mild and no pneumonia manifestation can be found in imaging; (2) moderate cases: patients have symptoms like fever and respiratory tract symptoms, etc., and pneumonia manifestation can be seen in imaging; (3) severe cases: patients meet any of the following: (i) respiratory distress, respiratory rates ≥ 30 breaths/minute; (ii) the oxygen saturation ≤ 93% at a rest state; (iii) arterial oxygen tension (PaO~2~) over inspiratory oxygen fraction (FIO~2~) ratio ≤ 300 mmHg (1 mmHg = 0.133 kPa); and (iv) multiple pulmonary lobes showing more than 50% progression of lesion in 24--48 h on imaging; and (4) critically ill cases: patients meet any of the following: (i) respiratory failure occurs and mechanical ventilation is required; (ii) shock occurs; (iii) complicated with other organ failure that requires monitoring and treatment in the ICU.

The endpoint was the in-hospital death. The clinical data including inflammatory parameters and outcomes were monitored up to March 13, 2020, the final date of follow-up.

Principles of management of patients {#Sec6}
------------------------------------

Vital signs and oxygen saturation should be monitored (patients with severe disease need continuous monitoring), supportive treatment strengthened, sufficient calories provided, and the stability of the internal environment, such as water, electrolyte, and acid-base balance, maintained.

Supplemental oxygen therapy should be given immediately to patients with hypoxemia. The target oxygen saturation is pulse oxygen saturation ≥ 90% in patients. If standard oxygen therapy fails, high-flow nasal catheter oxygen or non-invasive ventilation can be used. If no improvement is seen of non-invasive mechanical ventilation, invasive mechanical ventilation should be used.

As no therapy was proved effectively, anti-virus (oseltamivir and arbidol) was empirically administered. Antibiotics (oral and intravenous) and corticosteroid therapy were given by experienced physicians according to patient's condition.

Inflammatory parameter measurements {#Sec7}
-----------------------------------

Inflammatory indicators were conducted in the Department of Clinical Laboratory in Tongji Hospital.

Blood samples were processed according to hospital's standard procedures, including a blood withdrawn into a vacutainer tube containing coagulant for serum collection. The samples were centrifuged for 10 min at 2000*g*. Serum was then collected and tested within 4--6 h. All procedures were performed under level 3 protection. Cytokines including interleukin-2 receptor (sIL-2R), IL-6, IL-8, IL-10, and TNF-α were assessed in serum samples drawn shortly at each time points by chemiluminescence immunoassay (CLIA) performed on a fully automated analyzer (Immulite 1000, DiaSorin Liaison, Italy or Cobas e602, Roche Diagnostics, Germany) for all patients according to the manufacturer's instructions. IL-2R kit (\#LKIP1), IL-8 kit (\#LK8P1), IL-10 kit (\#LKXP1), and TNF-α kit (\#LKNF1) were purchased from DiaSorin (Vercelli, Italy). IL-6 kit (\#05109442 190) was purchased from Roche Diagnostics, Germany. HsCRP was detected by immunoturbidimetry method according to Nippon Denkasei Co., Ltd. instruction. PCT and Fer were tested by Roche electrochemiluminescence and granule-enhanced immunoturbidimetry method respectively. The following normal range values were used in the present study: sIL-2R 5 U/mL (223--710 U/mL), IL-6 1.5 pg/mL (0--7.0 pg/mL), IL-8 5 pg/mL (0--62 pg/mL), IL-10 5 pg/mL (0--9.1 pg/mL), TNF-α 4 pg/mL (0--8.1 pg/mL), hsCRP 0.1 mg/L (0--1 mg/L), PCT 0.02 ng/mL (0.02--0.05 ng/mL), Fer 5 μg/L (Male 30--400 μg/L, Female 15--150 μg/L), and LDH 10 U/L (0--250 U/L).

Statistical analysis {#Sec8}
--------------------

We summarized continuous variables as medians with interquartile ranges (IQR) or mean ± standard deviation unless otherwise indicated. Shapiro-Wilk test was conducted to assess whether continuous variables follow normal distribution. Levene's test was used to analyze the homogeneity of variance. Age, hemoglobin, albumin and blood bicarbonate ions were normally distributed and homogeneous variables, but the other variables were not. ANOVA analysis and Student's *t* test were performed in normally distributed and homogeneous data among the three groups with different disease severities as well as between survivors and non-survivors respectively. Otherwise, Kruskal-Wallis test and the Mann-Whitney-Wilcoxon test were applied where appropriate. One-way ANOVA with repeated measures were performed in longitudinal variables with normal distribution and post-hoc analysis with Bonferroni correction was used when significant differences were observed. Friedman test with a post hoc option was used to analyze longitudinal data with abnormal distribution. Categorical variables were expressed as percentages and compared by chi-square test or Fisher exact test. Univariate logistic regression and multivariate logistic regression were performed to investigate association of independently variables with disease severity. A two-sided *α* of less than 0.05 was considered statistically significant. Statistical analyses were done with SPSS software (version 22.0.) and GraphPad Prism 6.

Results {#Sec9}
=======

Clinical characteristics, baseline laboratory findings, and treatments of COVID-19 patients {#Sec10}
-------------------------------------------------------------------------------------------

Three hundred seventeen adult patients were enrolled in this retrospective study, and serum inflammatory parameters levels were measured within 24 h of admission. Ninety-three patients were classified as moderate, 167 as severe, and 57 as critically ill. As of March 13, 2020, 40 (12.6%) patients eventually died of COVID-19. As shown in Table [1](#Tab1){ref-type="table"} and Table S1 (see Additional file [1](#MOESM1){ref-type="media"}), of these 317 patients, the median age was 62.0 years (IQR 51.0--70.0), with approximately equal numbers of males (51.1%) and females. More than half of the patients had underlying comorbidities, with hypertension (39.1%) being the most common comorbidity followed by diabetes (19.9%). The most common symptoms at disease onset were fever (89.6%) and cough (75.7%), followed by shortness of breath (47.3%). The most frequent laboratory abnormalities noted were lymphopenia, hypoalbuminemia, thrombocytopenia, elevated blood bicarbonate ions, increased urea nitrogen, and creatinine in critically ill patients. Table 1Clinical characteristics and baseline laboratory findings of patients infected with SARS-CoV-2All patients (*n* = 317)Moderate patients (*n* = 93)Severe patients (*n* = 167)Critical patients (*n* = 57)**Characteristics** Age, years62.0 (51.0--70.0)59.0 (46.0--68.5)62.0 (51.0--69.0)\*68.0 (57.0--77.0)\* Males, *n* (%)162 (51.1%)41 (44.1%)90 (53.9%)31 (54.4%) Comorbidity  Chronic respiratory diseases, *n* (%)19 (6.0%)4 (4.3%)9 (5.9%)6 (10.5%)  Hypertension, *n* (%)124 (39.1%)40 (43.0%)61 (36.5%)23 (40.4%)  Coronary artery disease, *n* (%)30 (9.5%)10 (10.8%)14 (8.4%)6 (10.5%)  Diabetes mellitus, *n* (%)63 (19.9%)17 (18.3%)30 (18.0%)16 (28.1%)  Chronic kidney disease, *n* (%)4 (1.3%)3 (3.2%)1 (0.6%)0  Tumor, *n* (%)6 (1.9%)3 (3.2%)2 (1.2%)1 (1.8%)**Laboratory findings** White blood cell count, × 10^\^^9/L5.6 (4.4--7.8)5.4 (4.2--6.7)5.2 (4.2--7.2)8.6 (5.9--13.4)\*^\#^ Neutrophil count, × 10^\^^9/L4.0 (2.9--6.3)3.5 (2.6--4.3)3.9 (2.8--5.4)7.5 (4.7--12.4)\*^\#^ Lymphocyte count, × 10^\^^9/L0.9 (0.6--1.3)1.0 (0.8--1.5)0.9 (0.7--1.2)0.6 (0.5--0.8)\* Hemoglobin, g/L127.0 (116.0--139.0)125.0 (114.5--134.0)127.0 (116.0--139.0)133.0 (117.5--140.5) Platelet count, × 10^\^^9/L208.0 (154.0--285.0)223.0 (173.0--307.5)201.0 (151.0--276.0)181.0 (124.0--257.0)\* Albumin, g/L33.7 (30.8--36.8)36.4 (32.9--40.0)33.5 (31.2--36.2)\*30.7 (28.2--33.4)\*^\#^ Blood bicarbonate ions, mmol/L23.5 (21.7--25.1)23.9 (21.9--25.6)23.6 (22.0--25.0)22.2 (19.3--24.3)\*^\#^ Blood urea nitrogen, mmol/L4.6 (3.5--6.0)4.0 (3.3--5.0)4.4 (3.5--5.5)7.2 (5.1--10.7)\*^\#^ Blood creatinine, μmol/L70.0 (57.5--86.0)62.0 (55.0--81.5)69.0 (59.0--84.0)79.0 (62.0--103.5)\*^\#^ Lactate dehydrogenase, U/L302.0 (237.0--425.0)234.0 (209.0--283.5)307.0 (249.0--392.0)\*496.0 (415.0--690.0)\*^\#^ High-sensitivity C-reactive protein, mg/L41.1 (11.8--90.6)14.0 (4.8--39.7)44.1 (15.4--89.0)\*93.0 (65.0--165.1)\*^\#^ Procalcitonin, ng/mL0.06 (0.03--0.17)0.04 (0.02--0.07)0.06 (0.03--0.14)\*0.21 (0.10--0.70)\*^\#^ Ferritin, μg/L751.5 (435.7--1333.9)504.0 (282.0--776.4)784.0 (456.1--1325.6)\*1340.0 (884.6--1989.4)\*^\#^ Soluble interleukin-2 receptor, U/mL762.0 (509.9--1124.0)655.0 (483.5--916.5)762.0 (576.0--1060.0)\*1174.0 (915.0--1552.5)\*^\#^ Interleukin-6, pg/mL21.7 (7.3--53.9)13.1 (3.8--23.5)21.7 (6.3--53.9)\*59.7 (33.5--137.4)\*^\#^ Interleukin-8, pg/mL15.5 (9.4--26.6)12.2 (7.8--9.0)15.5 (9.7--26.1)\*26.0 (14.9--49.4)\*^\#^ Interleukin-10, pg/mL5.6 (5.00--9.4)5.0 (5.0--6.8)5.3 (5.0--8.8)9.5 (6.7--15.9)\*^\#^ Tumor necrosis factor alpha, pg/mL9.1 (7.2--12.1)8.7 (6.8--10.8)9.0 (7.1--11.6)\*11.0 (8.0--14.8)\*^\#^ hsCRP/lymphocyte, × 10^\^^-9 mg53.5 (10.5--128.1)10.8 (3.4--49.6)56.0 (15.8--115.4)\*142.1 (82.3--300.4)\*^\#^Data are expressed as median (IQR) or *n* (%). \**P* \< 0.05 represents significant differences between severe or critically ill group and moderate group, ^\#^*P* \< 0.05 represents significant differences between critically ill group versus severe group

With regard to treatment during course of hospitalization, systematic corticosteroid use differed significantly among the three groups. Oxygen support was most frequently used in the critically ill patients. There were significant differences in terms with age, prevalence of chest tightness, and respiratory rate between critically ill and moderate patients. Nearly all laboratory findings (except hemoglobin) and treatment options (except antivirals) differed markedly between critically ill and moderate patients. Difference in prevalence of chest tightness, laboratory findings (including white blood cell count, neutrophil count, albumin, blood bicarbonate ions, and blood creatinine) and treatment (except antivirals) were noted between severe patients and critically ill patients (Table [1](#Tab1){ref-type="table"} and Table S1 in Additional file [1](#MOESM1){ref-type="media"}).

Clinical characteristics, baseline laboratory findings, and treatment of patients with available data on serial cytokines, LDH, hsCRP, and hsCRP/L measurement were shown in Table [2](#Tab2){ref-type="table"} and Table S2 (see Additional file [1](#MOESM1){ref-type="media"}). Table 2Baseline laboratory findings of survivors and deceased patients with serial changes of inflammatory parametersAll patients (*n* = 68)Survivors (*n* = 54)Deceased patients (*n* = 14)White blood cell count, × 10^\^^9/L6.5 (4.5--9.3)5.6 (4.3--9.3)7.2 (6.0--11.1)Neutrophil count, × 10^\^^9/L4.9 (3.1--7.8)4.2 (2.7--7.2)6.5 (5.0--9.6)Lymphocyte count, × 10^\^^9/L0.8 (0.7--1.1)0.9 (0.7--1.1)0.7 (0.5--0.9)\*Hemoglobin, g/L130.5 (117.5--141.8)125.0 (116.0--141.3)138.5 (135.3--145.8)\*Platelet count, × 10^\^^9/L229.5 (168.8--293.3)236.5 (166.0--299.3)223.5 (193.5--260.3)Albumin, g/L32.0 (29.2--34.0)32.3 (29.3--34.3)31.2 (28.5--33.7)Blood bicarbonate ions, mmol/L23.6 (22.1--24.8)23.8 (22.4--24.8)22.3 (19.8--24.4)Blood urea nitrogen, mmol/L4.9 (3.6--7.1)4.6 (3.6--6.4)7.7 (5.7--10.2)\*Blood creatinine, μmol/L71.0 (61.5--87.0)70.5 (59.5--85.0)78.5 (62.5--96.0)hsCRP/lymphocyte, × 10^\^^9 mg94.4 (45.9--184.1)86.5 (38.5--144.8)140.4 (79.4--330.6)\*Data are expressed as median (IQR) or *n* (%). \**P* \< 0.05 compared with the survivors

Levels of inflammatory parameters in the serum among moderate, severe, and critically ill patients {#Sec11}
--------------------------------------------------------------------------------------------------

The serum concentrations of common inflammatory makers and cytokines, including sIL-2R, IL-6, IL-8, IL-10, TNF-α, PCT, Fer, LDH, hsCRP, and hsCRP/L were measured in moderate, severe, and critically ill patients. The levels of inflammatory parameters were elevated in the serum of critically ill patients compared with moderate and severe cases (Table [1](#Tab1){ref-type="table"}). When compared to severe patients, moderate patients also showed lower levels of inflammatory makers, except for IL-10 (Table [1](#Tab1){ref-type="table"}). These findings indicated that elevated levels of inflammatory markers were associated with disease severity.

Longitudinal changes of inflammatory parameters in COVID-19 patients with different disease severity {#Sec12}
----------------------------------------------------------------------------------------------------

Subgroup patients with available data on longitudinal cytokines, LDH, hsCRP, and hsCRP/L measurement were analyzed to investigate their serial changes with respect to disease severity. Levels of cytokines, LDH, hsCRP, and hsCRP/L at three time points were collected and presented. The first time point (day 0) was their baseline concentrations within 24 h of admission. The third one (day 20) was the levels of these inflammatory parameters measured before discharge or death roughly on hospital day 20 (ranging from day 15--25). The second time point (day 10) was the levels of these inflammatory parameters roughly on hospital day 10 (ranging from day 5--15). Compared to both moderate and severe patients, critically ill patients showed significant increase in serum concentrations of sIL-2R, IL-6, IL-8, TNF-α, LDH, hsCRP, and hsCRP/L during the course of hospitalization. Both severe and critically ill patients showed markedly increased IL-10 levels on hospital day 10 as compared to moderate cases, whereas only critically ill patients had sustained high levels of IL-10 throughout the disease course (Fig. [1](#Fig1){ref-type="fig"}d). After receiving medical treatment, both moderate and severe patients showed a gradual decrease in pro-inflammatory cytokines, LDH, hsCRP, and hsCRP/L levels during hospitalization (Fig. [1](#Fig1){ref-type="fig"}). It is also intriguing to note that IL-10 concentrations elevated on day 10 in the beginning and then decreased to the minimum thereafter in severe patients (Fig. [1](#Fig1){ref-type="fig"}d). In contrast, there was an upward trend of these inflammatory makers in critically ill cases, despite no statistical difference (Fig. [1](#Fig1){ref-type="fig"}). Fig. 1Longitudinal changes of inflammatory parameters in COVID-19 patients with different disease severity. The levels of sIL-2R (**a**), IL-6 (**b**), IL-8 (**c**), IL-10 (**d**), TNF-α (**e**), LDH (**f**), hsCRP (**g**), and hsCRP/L(**h**) in moderate (blue circle, *N* = 18), severe (black square, *N* = 29), and critically ill (red triangle, *N* = 21) patients were determined at various time points. Data are expressed as mean ± SEM. \**P* \< 0.05 indicates difference between severe or critically ill patients versus the moderate patients, ^\#^*P* \< 0.05 indicates difference between critically ill patients versus the severe patients, ^&^*P* \< 0.05 indicates difference between day 10 or 20 versus day 0, and ^※^*P* \< 0.05 indicates difference between day 20 versus day 10

Laboratory findings in COVID-19 patients together with different disease severities at three time points were shown in Figure S1 (see Additional file [2](#MOESM2){ref-type="media"}).

Longitudinal changes of inflammatory parameters in survivors and deceased patients {#Sec13}
----------------------------------------------------------------------------------

Serum concentrations of cytokines, LDH, hsCRP, and hsCRP/L during hospitalization were significantly higher in the deceased patients than in those who recovered (Fig. [2](#Fig2){ref-type="fig"}). More importantly, these inflammatory parameters concentrations were sustained high without decrease in deceased patients during hospitalization (Fig. [2](#Fig2){ref-type="fig"}), whereas levels of pro-inflammatory cytokines, LDH, hsCRP, and hsCRP/L were gradually declined in survivors (Fig. [2](#Fig2){ref-type="fig"}). Intriguingly, the serum IL-10 levels in survivors increased on day 10 and then fell to lowest level on day 20 (Fig. [2](#Fig2){ref-type="fig"}d). Fig. 2Longitudinal changes of inflammatory parameters in survivors and deceased patients. The levels of sIL-2R (**a**), IL-6 (**b**), IL-8 (**c**), IL-10 (**d**), TNF-α (**e**)), LDH (**f**), hsCRP (**g**), and hsCRP/L(**h**) in survivors (black circle, *N* = 54) and deceased patients (red square, *N* = 14) were determined at various time points. Data are expressed as mean ± SEM. ^\#^*P* \< 0.05 indicates difference between survivors and deceased patients, ^&^*P* \< 0.05 indicates difference between day 10 or 20 versus day 0, and ^※^*P* \< 0.05 indicates difference between day 20 versus day 10

Comparisons of laboratory parameters between survivors and deceased patients at three time points were shown in Figure S2 (see Additional file [2](#MOESM2){ref-type="media"}).

Comparison of inflammatory markers and laboratory parameters between male and female patients {#Sec14}
---------------------------------------------------------------------------------------------

As shown in Table [3](#Tab3){ref-type="table"}, the concentrations of several inflammatory markers, including sIL-2R, IL-6, Fer, PCT, LDH, and hsCRP, were markedly higher in the serum of male patients compared with female cases. Similarly, male patients showed higher levels of white blood cell count, neutrophil count, hemoglobin, blood urea nitrogen, and blood creatinine. On the contrary, male patients exhibited lower levels of platelet count and albumin. Table 3Baseline laboratory findings of female and male patients infected with SARS-CoV-2All patients (*n* = 317)Females (*n* = 155)Males (*n* = 162)*P* valueWhite blood cell count, × 10^\^^9/L5.6 (4.4--7.8)5.2 (4.1--7.5)5.8 (4.8--8.0)0.045Neutrophil count, × 10^\^^9/L4.0 (2.9--6.3)3.6 (2.6--5.9)4.3 (3.1--6.4)0.024Lymphocyte count, × 10^\^^9/L0.9 (0.6--1.3)1.0 (0.7--1.3)0.8 (0.6--1.1)0.45Hemoglobin, g/L127.0 (116.0--139.0)120.0 (112.0--128.0)136.0 (125.8--144.0)\< 0.001Platelet count, ×10^\^^9/L208.0 (154.0--285.0)233.0 (164.0--307.0)190.0 (141.8--254.0)\< 0.001Albumin, g/L33.7 (30.8--36.8)34.0 (31.3--37.8)33.4 (30.2--36.1)0.037Blood bicarbonate ions, mmol/L23.5 (21.7--25.1)23.8 (21.8--25.5)23.3 (21.6--24.8)0.231Blood urea nitrogen, mmol/L4.6 (3.5--6.0)4.2 (3.2--5.3)4.9 (3.8--6.5)\< 0.001Blood creatinine, μmol/L70.0 (57.5--86.0)58.0 (52.0--70.0)81.0 (68.0--95.0)\< 0.001Lactate dehydrogenase, U/L302.0 (237.0--425.0)272.0 (223.0--345.0)324.0 (254.0--471.5)\< 0.001High-sensitivity C-reactive protein, mg/L41.1 (11.8--90.6)23.4 (7.1--69.3)66.0 (25.9--121.4)\< 0.001Procalcitonin, ng/mL0.06 (0.03--0.17)0.04 (0.02--0.09)0.09 (0.05--0.23)\< 0.001Ferritin, μg/L751.5 (435.7--1333.9)533.2 (264.8--932.6)1069.85 (611.4--1734.2)\< 0.001Soluble interlukin-2 receptor, U/mL762.0 (509.9--1124.0)678.0 (501.0--1023.0)879.0 (625.8--1232.0)0.001Interleukin-6, pg/mL21.7 (7.3--53.9)15.2 (3.9--40.0)33.0 (12.0--68.5)\< 0.001Interleukin-8, pg/mL15.5 (9.4--26.6)15.1 (9.2--26.0)16.0 (9.6--28.2)0.261Interleukin-10, pg/mL5.6 (5.00--9.4)5.0 (5.0--8.5)6.6 (5.0--10.2)0.12Tumor necrosis factor alpha, pg/mL9.1 (7.2--12.1)8.7 (6.8--11.6)9.7 (7.6--13.0)0.093Data are expressed as median (IQR) or *n* (%)

Association of variables with disease severity using univariate and multivariate logistic regression analysis {#Sec15}
-------------------------------------------------------------------------------------------------------------

Odds ratio (OR) for the association of variables with COVID-19 severity was shown in Table [4](#Tab4){ref-type="table"}. In the univariate logistic regression analysis, age (\> 65 vs. ≤ 65 years), shortness of breath (yes vs. no), white blood cell count (\> 10 vs. ≤ 10 × 10^9^/L), neutrophil count (\> 7 vs. ≤ 7 × 10^9^/L), lymphocyte count (\< 0.6 vs. ≥ 0.6 × 10^9^/L), platelet count (\< 100 vs. ≥ 100 × 10^9^/L), albumin (\< 30 vs. ≥ 30 g/L), blood bicarbonate ions (\< 20 vs. ≥ 20 mmol/L), blood urea nitrogen (\> 6 vs. ≤ 6 mmol/L), blood creatinine (\> 100 vs. ≤ 100 μmol/L), LDH (\> 400 vs. ≤ 400 U/L), hsCRP (\> 90 vs. ≤ 90 mg/L), PCT (\> 0.2 vs. ≤ 0.2 ng/L), Fer (\> 1000 vs. ≤ 1000 μg/L), sIL-2R (\> 1200 vs. ≤ 1200 U/mL), IL-6 (\> 50 vs. ≤ 50 pg/mL), IL-8 (\> 25 vs. ≤ 25 pg/mL), IL-10 (\> 10 vs. ≤ 10 pg/mL), TNF-α (\> 10 vs. ≤ 10 pg/mL), and hsCRP/L (\> 120 vs. ≤ 120 × 10^−9^ mg) were associated with severity of COVID-19. By multivariate logistic regression analysis, we found that older age (OR 1.81 95% confidence interval (CI) 1.08--3.03), increased neutrophil count (OR 2.31, 95% CI 1.12--4.77), decreased platelet count (OR 2.09, 95% CI 1.15--3.79), elevated IL-6 (OR 2.02, 95% CI 1.11--4.03), and LDH (OR 5.45, 95% CI 2.42--12.26) were independently significant factors associating with COVID-19 severity. Table 4Factors associated with severity of COVID-19Univariate logistic regressionMultivariate logistic regressionOR95% CI*P* valueOR95% CI*P* valueAge  \>65 years1.811.18--2.780.0061.811.08--3.030.024Males1.360.89--2.080.1520.690.41--1.160.162Shortness of breath1.921.25--2.940.0031.480.91--2.420.115**Laboratory findings** White blood cell count \> 10 × 10^\^^9/L7.533.87--14.65\< 0.001------ Neutrophil count \> 7 × 10^\^^9/L7.604.21--13.74\< 0.0012.311.12--4.770.024 Lymphocyte count \< 0.6 × 10^\^^9/L3.552.11--5.99\< 0.0011.230.66--2.290.522 Hemoglobin \> 110 g/L1.290.65--2.540.468------ Platelet count \< 100 × 10^\^^9/L2.381.45--3.930.0012.091.15--3.790.015 Albumin \< 30 g/L4.112.36--7.16\< 0.0011.020.49--2.120.959 Blood bicarbonate ions \< 20 mmol/L2.891.69--4.92\< 0.0011.270.67--2.380.466 Blood urea nitrogen \> 6 mmol/L5.813.41--9.89\< 0.0011.580.79--3.140.194 Blood creatinine \> 100 μmol/L2.841.66--4.85\< 0.0011.140.56--2.310.717 Lactate dehydrogenase \> 400 U/L16.578.80--31.20\< 0.0015.452.42--12.26\< 0.001 High-sensitivity C-reactive protein \> 90 mg/L4.832.84--8.21\< 0.0011.210.58--2.500.615 Procalcitonin \> 0.2 ng/mL6.293.64--10.85\< 0.0011.450.67--3.170.347 Ferritin \> 1000 μg/L4.062.42--6.82\< 0.0011.060.52--2.130.876 Soluble interlukin-2 receptor \> 1200 U/mL5.203.06--8.86\< 0.0011.600.78--3.300.198 Interlukin-6 \> 50 pg/mL4.882.86--8.33\< 0.0012.021.11--4.030.045 Interlukin-8 \> 25 pg/mL2.651.61--4.36\< 0.0011.100.61--2.000.749 Interlukin-10 \> 10 pg/mL2.771.70--4.52\< 0.0011.300.72--2.350.383 Tumor necrosis factor alpha \> 10 pg/mL1.961.20--3.200.0070.710.37--1.360.308 hsCRP/lymphocyte \> 120 × 10^\^^9 mg7.144.10--12.44\< 0.001------

Discussion {#Sec16}
==========

In response to pathogens, host immune cells exhibit different reactions against the various infectious agents. Virus-cell interactions generate a diverse set of immune mediators against the invading virus \[[@CR22], [@CR23]\]. Although an effective immune response is essential to control and eliminate viral infection, an exaggerated or prolonged response could result in immunopathogenesis. Excessive production of inflammatory mediators is involved in the immunopathology and development of organ dysfunction \[[@CR24], [@CR25]\]. SARS-CoV and MERS-CoV infections predominantly affect lower airways and cause severe and sometime fatal pneumonia which is often characterized with massive infiltration of inflammatory cells and copious amounts of inflammatory mediators. Extrapulmonary organ dysfunction was also involved in those two CoV infections \[[@CR26], [@CR27]\]. SARS-CoV-2 infection resulted in multiple organ injury accompanied by high levels of serum inflammatory mediators, indicating that COVID-19 was not just lung disease, but rather a systemic inflammatory illness \[[@CR3], [@CR10], [@CR28]\]. Longitudinal analysis of correlation of serum inflammatory parameters with different disease severity and outcomes may extend our understanding of the role of the host immune system in the pathogenesis and disease progression of COVID-19.

In this present study, the serum levels of inflammatory parameters in COVID-19 patients were analyzed and demonstrated that SARS-CoV-2 infection elicited a markedly elevated production of serum inflammatory parameters in severe and critically ill COVID-19 patients. The concentrations of pro-inflammatory cytokines, LDH, hsCRP, and hsCRP/L were gradually declined in moderate and severe patients as well as survivors after medical intervention, whereas they were sustained at high levels throughout the disease course in both critically ill patients and deceased cases.

Accumulating evidence has shown that several cytokines and inflammatory parameters were markedly elevated in severe patients with COVID-19 or those admitted to the ICU \[[@CR3], [@CR9], [@CR20], [@CR29]\]. Our previous preliminary study of 21 patients with COVID-19 exhibited that levels of sIL-2R, IL-10, TNF-α, hsCRP, Fer, and LDH were higher in the severe group than in the moderate group \[[@CR19]\]. Consistent with those findings, concentrations of sIL-2R, IL-6, IL-8, IL-10, TNF-α, hsCRP, Fer, PCT, and LDH on admission were elevated significantly in critically ill patients than moderate and severe cases in the present study. Zhou previously reported that IL-6 was elevated with illness deterioration \[[@CR8]\]. It is worth noting that the serum concentrations of inflammatory parameters in critically ill patients were markedly higher on admission, suggesting that vigilant monitoring and early intervention aiming to control overactive inflammation may be useful to prevent the further deterioration of COVID-19. The measurement of systemic inflammatory parameters on admission is important in determining the magnitude of the immune response and disease severity. Moreover, the monitoring the serial changes of these indicators during disease course may be of more value in clinical practice. At present, the information about correlation of longitudinal changes of inflammatory parameters with disease severity in COVID-19 patients is scarce. In this study, moderate and severe cases as well as survivors exhibited gradual decrease in concentrations of pro-inflammatory cytokines, hsCRP, and hsCRP/L throughout the disease course after receiving medical treatment, mainly including oxygen therapy, supportive therapy, and empirical antimicrobial therapy, whereas in critically ill patients and deceased cases, these markers sustained at high levels. The levels of serum cytokines, LDH, hsCRP, and hsCRP/L in survivors were significantly lower than those of deceased patients during the course of hospitalization. Taken together, sustained high levels of cytokines, LDH, hsCRP, and hsCRP/L may be associated with severe illness and poor prognosis.

IL-6, IL-8, and TNF-α are widely recognized as important potent initiators of inflammatory responses. Previous studies have shown that IL-6, IL-8, and TNF-α may promote inflammation by recruiting immune cells to the lung, which may directly contribute to the pathogenesis of ARDS \[[@CR30]\]. Likewise, remarkably elevated serum pro-inflammatory cytokines were also found in SARS and MERS patients in severe condition compared to mild and moderate cases \[[@CR18], [@CR31]--[@CR35]\]. Similar to SARS-CoV and MERS-CoV infection, high plasma pro-inflammatory cytokines (IL-6, IL-8 and TNF-α) were observed in severe and critically ill patients as well as deceased cases, suggesting a crucial role of exuberant inflammatory responses in SARS-CoV-2 infection pathogenesis. Excessive production of pro-inflammatory mediators released by activated immune cells and infected cells may be involved in immunopathology and the development of organ dysfunction.

The pro-inflammatory response is regulated by the anti-inflammatory components of the immune system. IL-10 with potent anti-inflammatory properties exerts suppressive effects on the production of several pro-inflammatory cytokines during lung injury \[[@CR36], [@CR37]\]. In patients with ARDS, higher concentrations of IL-10 are associated with better survival \[[@CR38]\]. However, IL-10 levels were significant higher in severe patients with MERS than in mild cases and were positively correlated with mortality \[[@CR35]\]. On the contrary, severe SARS patients had lower levels of IL-10 \[[@CR39]\]. Similar to that in MERS-CoV infection, we found that IL-10 level was continuously elevated in critically ill patients and deceased cases with COVID-19, while IL-10 concentration transiently increased during hospitalization in severe cases and survivors and then fell to lowest level before discharge. Therefore, the transient increase of IL-10 level may reflect a compensatory anti-inflammatory or counter-regulatory reaction in response to a heightened level of pro-inflammatory cytokines, and sustained elevation of IL-10 is probably correlated with the poor prognosis. The differential alteration of IL-10 observed in SARS-CoV, MERS-CoV, and SARS-CoV-2 infection suggested that its anti-inflammatory regulation might differ among the three diseases.

Serum sIL-2R is considered as an activation marker of T cells \[[@CR40], [@CR41]\]. Raised concentrations of sIL-2R have been demonstrated in autoimmune disease and lymphoid malignancies in which enhanced T cell activity is centrally involved \[[@CR42], [@CR43]\]. The concentrations of serum sIL-2R were markedly higher in patients with subsequent acute lung injury (ALI) than those without \[[@CR44]\]. Our data suggested that adaptive immune response might be over-reactive in severe and critically ill patients and deceased cases with COVID-19. Moreover, increasing serum sIL-2R levels may precede T cell-driven fibrotic responses \[[@CR45]\]. Further investigation is required to determine the correlation between serum sIL-2R concentrations and pulmonary fibrosis after SARS-CoV-2 infection.

At present, no drugs have been proven to be effective against SARS-CoV-2 infection. Two adjunctive therapies that warrant special mention are corticosteroids and immunomodulatory or anti-cytokine therapy. A randomized, controlled trial reported that dexamethasone reduced 28-day mortality among severe or critically ill patients receiving invasive mechanical ventilation or oxygen at randomization \[[@CR46]\]. A multicenter, single-blind, randomized controlled trial showed that ruxolitinib (JAK1/2 inhibitor) recipients with COVID-19 had a numerically faster clinical improvement \[[@CR47]\]. Our results showed that IL-6 was predictive of disease severity, which was consistent with previous reports \[[@CR48], [@CR49]\]. Tocilizumab, a monoclonal antibody against IL-6, emerged as an alternative treatment for COVID-19 patients with a risk of cytokine storms recently \[[@CR50]\]. Given the exuberant inflammatory response may be one of the hallmarks of severe COVID-19, therapeutic strategies to control overactive inflammation might be a promising approach for severe COVID-19; however, the optimal timing and dosing warrants further exploration.

There had been more discussion regarding the possible sex differences in the incidence and severity of the various infectious diseases. At present, sex-disaggregated data for COVID-19 show equal numbers of cases between males and females; however, there seem to be gender differences in vulnerability and mortality to SARS-CoV-2 infection \[[@CR51]\]. Studies reported that more males than females died, possibly owing to sex-based immunological or gender differences, such as prevalence of smoking \[[@CR52], [@CR53]\]. It has been recognized that biological sex affects innate and adaptive immune responses to antigens \[[@CR54], [@CR55]\]. However, knowledge of gendered effect and its association with immune response of COVID-19 was scarce. Previous reports showed that hsCRP, Fer, LDH, and PCT levels varied between male and female patients \[[@CR56]\]. In the present study, in addition to hsCRP, Fer, LDH, and PCT, sIL-2R and IL-6 levels were markedly higher in the serum of male patients compared with those of female cases, which implied that SARS-CoV-2 infection appears to elicit a sex-based differential immune response. Such sex-based immunological differences in COVID-19 might be partially attributed to sex hormone \[[@CR57], [@CR58]\], and the underlying mechanisms warrant further investigation.

Our study has some limitations. Firstly, we did not measure inflammatory mediators in bronchoalveolar lavage fluid. The autopsy of COVID-19 pneumonia indicated that SARS-CoV-2 infection caused an inflammatory cell infiltration in the lung tissue \[[@CR13]\]. Since circulating inflammatory parameters concentrations may not exactly reflect the levels in injured lung tissue in some patients \[[@CR59]\], it would be ideal to measure both local lung and systemic inflammatory parameters. Further studies are warranted to investigate the correlation between the local lung and systemic inflammatory parameters. Secondly, data on longitudinal changes of PCT and Fer are lacking; thus, we did not present the temporal changes of these acute-phase proteins.

Conclusion {#Sec17}
==========

Collectively, the SARS-Cov-2 infection may result in hyper-reaction of the immune systems accompanied by elevated serum levels of inflammatory parameters, which may be associated with disease severity and outcomes. Moreover, SARS-CoV-2 infection appears to elicit a sex-based differential immune response. Evaluating the longitudinal changes of cytokines, LDH, hsCRP, and hsCRP/L levels might provide an effective way to evaluate the severity of disease and predict outcomes.
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